3D vessel sprouting into the brain can be visualized as a 1D process from its pial side, whereas sprouting within the brain appears as a near 2D process on its ventricular side ( Fig. 2 and Supplementary  Fig. 1 ). The vascularization of other organs, such as the developing kidney, heart or lung, as well as the angiogenic response in subcutaneous Matrigel plugs, also proceeds in three dimensions; however, these organs are not suitable for flat-mounting to obtain a simpler geometric representation of whole vessel networks. Second, quantification in the hindbrain is easier and more accurate than in other vascular beds, because the temporal separation of arteriovenous specialization from the earlier phase of sprouting and fusion results in the formation of relatively homogenous and extensive capillary networks. For example, the primary retinal vascular plexus can also be visualized in two dimensions like the hindbrain SVP 11 , but arteriovenous remodeling occurs just behind the vascular front of the radially expanding vessel plexus 12 , decreasing the size of areas containing capillaries suitable for quantitative analysis.
The mouse hindbrain can be used at earlier developmental stages compared with other angiogenesis models. For example, the mouse retina is suitable for analyzing angiogenesis in the first 2 weeks after birth, whereas the neural tube is one of the earliest organs to develop and is vascularized earlier than the kidneys, heart or lungs. The primitive skin is vascularized early in development like the hindbrain, but the hindbrain forms a more homogenous capillary network. Owing to its vascularization early in development, the hindbrain model is suitable for studying mouse mutants that survive the period of vasculogenesis, but which are lethal after E12.5. For instance, mice expressing only the soluble VEGF120 isoform of VEGF-A, but lacking the heparin/NRP binding VEGF164 isoform, die soon after birth 13 , whereas mice lacking the VEGF164 receptor NRP1 die at around E12. 5 (ref. 14) . In both cases, mechanistic detail of their angiogenic defects could be determined with the hindbrain model 2, 5 .
When specific mutations such as loss of VEGF-A, VEGFR2 or VEGFR1 (reviewed in ref. 15 ) cause embryonic lethality before E10.5 in mice, the hindbrain model cannot be used to study angiogenesis. However, this limitation can be overcome by modern genetic techniques, such as constitutive or tamoxifen-inducible Cre/lox technology 16 . For example, a constitutive Cre/lox approach was used to inactivate Vegfa in neural progenitors in the hindbrain 1 in order to circumvent the early embryonic lethality caused by ablating one Vegfa allele in the germ line 17, 18 .
A disadvantage of the mouse embryo hindbrain is that it does not afford similar accessibility to experimental manipulation as The dotted boxes in a and d indicate the areas shown at higher magnification in b and e and the dotted boxes in b and e indicate those shown at higher magnification in c and f, respectively; the size of each field in c and f is 500 µm × 500 µm (i.e., 0.25 mm 2 ). (g,h) Counting of radial vessels and vascular intersections in the fields shown in c and f; green dots were used to track vessels that have been counted. (i-k) A 100-µm transverse vibratome section through the E12.5 hindbrain shown in a; radial vessels (rv) extend from the pial side of the hindbrain and then branch to form the SVP below the ventricular side of the hindbrain; (j,k) higher-magnification images from both sides of the hindbrain shown in i. Scale bars, (a,d) 1 mm; (b,e,i-k) 200 µm; (c,f) 100 µm. All animal procedures were performed in accordance with institutional and UK Home Office guidelines.
the retina, such as injection of growth factors or function-blocking reagents 11 . In addition, vessel networks rapidly degenerate in organotypic culture 19 , precluding live imaging or ex vivo pharmacological manipulation, as described for retinal explants 20 . Finally, the increasing thickness of the mouse hindbrain from E13.5 onward inhibits the penetration of antibodies into the deeper tissue parts, and changes in organ shape prevent flat-mounting for wholemount imaging. Therefore, the hindbrain vasculature at later developmental or postnatal stages is best visualized in immunolabeled tissue sections.
Experimental design
Fluorescence or histochemical staining of transverse sections with isolectin B4 (IB4) provides a robust and widely used method for visualizing blood vessels in the CNS, including brain, spinal cord and retina 21 . This method labels the endothelium in both the perineural and intraneural vascular plexi, including endothelial stalk cells and tip cell filopodia (Fig. 1c,d and Supplementary  Fig. 1 ; e.g., refs. 1,5). In addition, IB4 labels tissue macrophages that can be double labeled with F4/80-specific antibody to distinguish them from ECs (Fig. 1c,d and Supplementary Fig. 1 ) 22 . Alternatively, the endothelial marker platelet EC adhesion molecule (PECAM, also known as CD31) 23 can be used to visualize ECs in the hindbrain (Fig. 2) .
In the case of fluorescent staining, multilabeling with primary antibodies raised in different species allows the simultaneous analysis of several proteins or cell populations and can be combined with IB4 staining. Staining for robust epitopes, such as IB4, can also be performed after in situ hybridization 19 . BrdU or equivalent compounds for proliferation studies may be administered to the pregnant dam before hindbrain isolation, allowing for homogenous labeling of the entire litter for comparison of littermate mutants and controls in mouse strains carrying recessive genetic mutations 2 . When you are analyzing hindbrains from genetically modified mouse embryos to identify alterations in vascular growth and patterning, it is essential to include appropriate controls, including hindbrains from wild-type littermates or, in the case of conditional null mutants, hindbrains from littermates expressing Cre, but lacking the floxed target gene, and hindbrains lacking Cre, but carrying the floxed target genes.
After staining with vascular markers such as PECAM or IB4, the radial vessels entering the brain can be visualized on the pial aspect of the flat-mounted hindbrain (Fig. 2a-c and Supplementary  Fig. 1a-c) , whereas the SVP vessels are apparent in a ventricular view (Fig. 2d-f and Supplementary Fig. 1d-f) 1, 2, 6 . Although histochemical methods are particularly suitable for providing overview images of the entire hindbrain vasculature after flat-mounting (Fig. 2a,d and Supplementary Fig. 1a,d) , vibratome sectioning of the dissected hindbrains highlights the relationship of pial and SVP vessel segments (Fig. 2i-k and Supplementary Fig. 1i ,j) 1 . The hindbrain also provides a useful platform for qualitative binding assays with alkaline phosphatase (AP)-tagged ligands in order to assess the binding of ligands to their vascular receptors in situ 6 . For example, it can be used to show binding of VEGF165 and the alternative NRP1 ligand SEMA3A to growing hindbrain vessels (Fig. 3) 6 .
Here we provide protocols for the hindbrain dissection (Fig. 4,  Supplementary Fig. 2 and Supplementary Videos 1 and 2) , generic protocols for labeling with rat antisera and IB4 ( Fig. 2 and Supplementary Fig. 1 ), a table of useful commercial antibodies (Tables 1 and 2) , a protocol for AP fusion protein binding to whole hindbrains (Fig. 3) , a table that details various angiogenic parameters that can be quantified in the hindbrain model and which provides an overview of embryonic ages suitable for such quantitative analyses ( Table 3 ) and a troubleshooting guide ( Table 4) • REAGENT SETUP Blocking buffer (10%, vol/vol) To prepare 1 ml of blocking buffer, mix 100 µl of serum with 900 µl of PBT. Freshly prepare the buffer for each immunostaining experiment. Developing buffer Dissolve 6 g of Tris base in 50 ml of ddH 2 O and adjust the pH to 9.5 to yield 1 M Tris buffer. Dissolve 2.9 g of sodium chloride in 10 ml of ddH 2 O to yield 5 M sodium chloride. Mix 1 ml of 1 M Tris buffer 2| Dissect the uterus by cutting a V-shape into the abdominal skin and membrane. Pull the uterine horns out of the body cavity with forceps and cut off the birth canal, fatty tissue and both oviducts. Transfer the uterine horns into a clean plastic dish containing ice-cold PBS.
3|
Under a dissecting stereomicroscope, use forceps to remove each individual embryo sac from the uterine horns by rupturing the surrounding muscular layers. This can be done after cutting the uterus into pieces containing single embryos or by removing the embryos one after the other from the intact uterine horns (supplementary Videos 1 and 2).
4|
Rupture each embryo sac until the embryo emerges; sever the umbilical cord, collect the embryos with a plastic Pasteur pipette into a dish with clean PBS and place the dish on ice (supplementary Videos 1 and 2).  crItIcal step Perform this step with the embryos submerged in PBS to prevent the surface tension from rupturing the embryo. This is particularly relevant for dissection of embryos at 10.5-11.5 d post coitum.
5|
Transfer one embryo at a time with a plastic Pasteur pipette to a fresh dish containing ice-cold PBS for hindbrain dissection. If the experiment requires genotyping of the litter, keep a piece of embryonic tail or yolk sac tissue for genomic DNA isolation.
Hindbrain dissection • tIMInG ~5 min per hindbrain 6| By squeezing with forceps, sever the head above the forelimbs (Fig. 4a-d 
7|
Rupture the thin and translucent roof plate overlying the hindbrain at the level of the fourth ventricle by pulling gently with sharp forceps (Fig. 4i,j, supplementary Fig. 2c and supplementary Videos 1 and 2). Continue to tear the membrane toward the midbrain (Fig. 4i,k 
8|
Tease off the pial membrane from underneath the hindbrain ( Fig. 4m,n; supplementary Fig. 2g ,h and supplementary Videos 1 and 2). From E12.5 onward, it comes off very easily after opening the roof plate; at earlier stages it is a matter of tugging a bit here and there, like peeling an orange-some regions give way more easily than others.
9|
Remove the midbrain and spinal cord to allow the hindbrain to unfurl (Fig. 4m , lines 6 and 7, respectively; supplementary Fig. 2i,j) . Transfer the isolated hindbrains (Fig. 4o,p and supplementary Fig. 2k,l) with a plastic Pasteur pipette flat onto the bottom of a well in a 24-well plate that has been placed on ice.  crItIcal step Do not allow the embryos to dehydrate. Keep the embryos in PBS until you add the fixative in Step 10, or omit Steps 10-13C and proceed to Step 13D for the AP fusion protein binding assay. 
11|
Fix the samples for 2 h on ice with gentle agitation, rinse them three times in PBS and proceed to the staining protocol.  crItIcal step For PECAM staining, it is best to stain freshly fixed tissues and avoid fixation longer than 2 h or methanol storage. If staining cannot be initiated immediately after fixation, the samples can be stored overnight at 4 °C in PBS before staining the next day.  pause poInt Alternatively, transfer the samples through a rising methanol gradient to store them at −20 °C for up to 3 months (gradient: 25%, 50% and 75% (vol/vol) absolute methanol in PBS, then absolute methanol). 
Box 1 | Alternative immunostaining protocols • tIMInG ~3 d
Multilabeling of vessels and other cell types can be achieved using a combination of primary antibodies from different species, or antibodies together with IB4 (e.g., IB4 and F4/80 double staining, shown in Fig. 1c,d ). To block unspecific antibody binding, staining protocols usually include serum that is compatible with the primary and secondary antibodies (i.e., from the same species as the one in which the secondary antibodies are raised). In contrast, for staining protocols that include primary antibodies raised in goats, we recommend using serum-free serum block (e.g., from DAKO, cat. no. X0909); it is not necessary to include this block in the antibody dilutions. Moreover, we recommend using only fluorophore-conjugated Fab fragments as secondary antibodies in experiments that include primary antibodies raised in goat.
IB4 binds α-d-galactosyl residues on glycoproteins, and such lectin epitopes are generally more stable than protein epitopes; IB4 staining is therefore compatible with immunolabeling after acid hydrolysis for BrdU immunolabeling or in situ hybridization.
 crItIcal step To avoid overdeveloping the reaction, periodically observe the samples under a stereomicroscope. ? troublesHootInG (ix) To stop the reaction, wash the hindbrains briefly in ddH 2 O and then in PBS, and then postfix them in 4% (wt/vol) formaldehyde for 30 min at room temperature.  pause poInt At this stage, samples can either be processed for imaging or they can be stored at 4 °C in PBS until imaging. (continued) 
Imaging

antIcIpateD results
To quantify the angiogenic parameters described in table 3, image several randomly chosen fields from each side of the hindbrain and average the numeric values obtained for each field to minimize technical error. For high-power bright-field images obtained with a stereomicroscope, e.g., ×11.5 magnification (depending on the specifications of the microscope), acquire a minimum of three fields of 0.25 mm 2 (Fig. 2c,f and supplementary Fig. 1c,f) and count the vascular intersections in each field (e.g., Fig. 2h and supplementary Fig. 1h ). To quantify angiogenic parameters in low-power confocal images, use a minimum of two fields of ~0.85 mm 2 (with ×10 objectives) or 0.2 mm 2 (with ×20 objectives), one from each side of the hindbrain (Fig. 5) . To quantify angiogenic parameters in higher-magnification confocal images, e.g., ×40 or ×63, use a minimum of four fields such as those shown in Figure 5e -g. In all cases, the averaged numeric value for all fields from one hindbrain will yield the final value for that hindbrain. For manual counting of angiogenic features such as endothelial tip cells, vascular branch-points, intersections or tissue macrophages, it is advisable to track all counted structures by marking them with a symbol in the digital image or by using the 'Count Tool' in Adobe Photoshop. Length measurements, for example, of vessel segments or vascular diameters, can be achieved with the 'Ruler Tool' function in Adobe Photoshop (or appropriate imaging software, such as Openlab (Improvision)). After careful validation, automated protocols may also be used to quantify vascular intersections and other angiogenic parameters, for example, by using the freely available AngioTool 25 , which is based on the free software ImageJ (http://rsb.info.nih.gov/ij/; US National Institutes of Health). ImageJ may also be modified to develop alternative quantification methods that suit specific needs. Alternatively, commercial software programs such as Imaris (Bitplane) or Volocity (Improvision) are useful to quantify angiogenic parameters.
In our experience, the analysis of a minimum of three hindbrains of each genotype from at least two litters will yield statistical significance when phenotypic differences between genotypes are large (e.g., hindbrains expressing all VEGF-A Carefully lower the coverslip onto the section to avoid trapping air bubbles isoforms compared with hindbrains expressing only VEGF120, Fig. 5a-e,g ). For more subtle phenotypes, the analysis of five to ten hindbrains is usually appropriate to obtain sufficient statistical power (e.g., hindbrains expressing all VEGF-A isoforms from both alleles compared with hindbrains expressing VEGF120 only from one allele; Fig. 5e,f) . When you are representing data obtained from biological experiments, consider published advice on the use of error bars 26 . Figure 1 shows examples of typical fluorescent staining results for labeling of endothelial tip and stalks cells, as well as tissue macrophages. Figure 2 shows typical histochemical staining for PECAM and an example of a quantification analysis for radial vessels on the pial side of the hindbrain and vascular intersections in the subventricular zone; the fields shown contain 44 radial vessels per 0.25 mm 2 and 95 intersections per 0.25 mm 2 in the SVP. Some typical values for vessel numbers between E10.5 and E12.5 have previously been published 1 and may be used as guidelines for the expected values at different developmental stages; however, the precise number may vary depending on the precise developmental stage or mouse genetic background; littermate controls should therefore always be used to assess possible mutant phenotypes. Figure 3 shows examples of freshly dissected whole-mount hindbrains reacted with AP-tagged VEGF165 or SEMA3A proteins. This assay visualizes AP-ligand binding to both radial vessels on the pial side (Fig. 3a-c) and SVP vessels on the ventricular side (Fig. 3d-f) 6 . VEGF165 binds hindbrain vessels with high affinity (Fig. 3a,b,d,e) 6 , owing to the expression by ECs of several receptors, including VEGFR2 and the VEGF165-specific receptor NRP1 1 . Because NRP1 can additionally bind semaphorins, SEMA3A fusion protein also binds hindbrain vessels (Fig. 3c,f) 6 . Figure 5 shows the vascular phenotype of E11.5 hindbrains containing a knock-in mutation that allows production of the VEGF120 isoform, but that disrupts the production of the heparin/NRP binding VEGF-A isoforms. Compared with wild-type littermates, homozygous Vegfa 120/120 shows a marked decrease in vessel branching and an increase in vessel caliber (compare Fig. 5a,c,e with 5b,d,g ), as previously published 2 . The phenotype of Vegfa + /120 mutants is more subtle, with an intermediate amount of vessel branching and vessel caliber compared with wild-type and homozygous littermates (compare Fig. 5f with 5e,g). A common problem in endothelial tip cell quantification is highlighted in Figure 5c -e, where areas indicated with asterisks show vessels that dive into deeper layers of the hindbrain and appear 'cutoff'; care should be taken not to confuse such vessel fragments with new vessel sprouts, which are headed by filopodia-studded tip cells.
supplementary Video 2 shows the dissection of a hindbrain in which NRP1 was deleted in ECs using Cre/lox technology to yield Tie2-Cre;Nrp1 fl/ − hindbrains 27 . This approach delays the embryonic lethality caused by two null alleles of Nrp1 from E12.5 to the time of birth 14, 27 , but preserves the formation of hindbrain vascular malformations, which are already visible during the dissection procedure (compare dissected hindbrains in supplementary Videos 1 and 2). 
